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Abstract 
The development of lightweight magnesium (Mg) alloys capable of operating at elevated temperatures of 200–300 °C and the ability 
of using high pressure die casting for high-volume manufacturing are the most advanced developments in manufacturing critical parts for 
internal combustion engines used in power tools. Here we report the microstructure and mechanical properties of a newly developed die-cast 
Mg–RE(La,Ce,Nd,Gd)–Al alloy capable of working at higher elevated temperatures of 200–300 °C. The new alloy delivers the yield strength 
of 94 MPa at 300 °C, which demonstrates a 42% increase over the benchmark AE44 high temperature die-cast Mg alloy. The new alloy also 
has good stiffness at elevated temperatures with its modulus only decreasing linearly by 13% from room temperature up to 300 °C. Thermal 
analysis shows a minor peak at 364.7 °C in the specific heat curve of the new alloy, indicating a good phase stability of the alloy up to 
300 °C. Nd and Gd have more affinity to Al for the formation of the minority of divorced Al–RE(Nd,Gd) based compounds, and the stable 
Al-poor Mg 12 RE(La 0.22 Ce 0.13 Nd 0.31 Gd 0.31 )Zn 0.39 Al 0.13 compound acts as the continuous inter-dendritic network, which contribute to the high 
mechanical performance and stability of the new die-cast Mg alloy at 200–300 °C. 
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Key components of small internal combustion (IC) engines 
sed in power tools require light-weight materials that are ex- 
ellent in noise reduction, good damping properties and capa- 
le of working at elevated temperatures of 200–300 °C [1 , 2] . 
he lightweight piston and cylinder are not only desirable for 
ecreasing the machine vibration and carrying comfort during 
se, but also increases control and fuel efficiency. Moreover, 
he massive consumption of these products with small IC en- 
ines demands a cost-effective manufacturing method. There- 
ore, the application of lightweight magnesium alloys that can ∗ Corresponding authors. 
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omes very attractive to industry. 
High pressure die casting (HPDC) is a highly efficient and 
ost-effective precision manufacturing method for the mas- 
ive production of Mg and/or aluminium (Al) alloy parts in 
ifferent sectors of industry. Currently, about 90% of cast Mg 
lloys are manufactured by HPDC [3–6] . However, there are 
o die-cast Mg alloys currently available on the market for 
pplications at higher elevated temperatures of above 200 °C 
nd ideally up to 300 °C. The challenges are mainly the con- 
icting requirements between mechanical performance and 
hase stability at elevated temperatures and die castability. 
everal Mg-rare earth (RE) based sand casting or permanent- 
ould casting alloys have been developed and used in 
ndustry for applications at 200 °C or above [7] , including 
E43/54 [8–10] , AM-SC1 [11 , 12] , Elektron 21 [13] etc. 
owever, these alloys are not suitable for HPDC because they . This is an open access article under the CC BY-NC-ND license 
y of Chongqing University 
esium alloy for applications at higher elevated temperatures of 200–300 °C, 
X. Dong, L. Feng, S. Wang et al. Journal of Magnesium and Alloys xxx (xxxx) xxx 
ARTICLE IN PRESS 

























































Measured chemical composition of the newly developed die-cast Mg–RE–Al 
alloy. 
Element La Ce Nd Gd Al Zn Mn Y Mg 










































re prone to form defects such as hot-tearing and die solder- 
ng or brittleness in the components produced by HPDC [14] . 
In the early stage of development of die-cast Mg alloys 
or high temperature applications, significant amount of 
l was used for the improvement of die castability, and a 
roup of Mg–Al based die-cast alloys were developed [7 , 15] . 
epresentative alloys are the widely used AZ91 and AM60 
lloys, the Mg–Al–Si alloys (AS21X, AS31, AS41) [16 , 17] , 
he Mg–Al–Ca alloy (AX51, AX52) [18] , the Mg–Al–Sr al- 
oy (AJ52) and the Noranda alloy Mg–6Al–2Sr–Ca (AJ62X) 
19–21] , the Mg–Sr–Ca alloy (AJX500) [7] , the General Mo- 
ors alloy Mg–Al–Ca–Sr (AX52J, AXJ530, AXJ531) [22 , 23] , 
he Mg–9Al–1Ca–Sr alloy (MRI153A) [24] , the Mg–8Al–
Ca–Sr alloy (MRI153M) [25 , 26] , the Mg–6.5Al–2Ca–1Sn–
r alloy (MRI230D) [27–29] , the Nissan alloy Mg–Al–Ca–
E [30] , the Honda alloy Mg–5Al–2Ca–2RE (ACM522) 
31] , the Mg–0.5Zn–6Al–1Ca–3RE alloy (ZACE05613) and 
he Mg–0.5Zn–4Al–1Ca–1RE alloy (ZACE05411) [32] , the 
g–4Al–RE (La, Ce) alloys (AE42, AE44) [33–35] , the Mg–
l–Ba–Ca alloy [36] , etc. The general working temperature 
f these Mg–Al based die-cast alloys is at a level of ∼150 °C, 
ue to the formation of the low melting point Al-rich phases 
hat are unstable when temperatures are close to or higher 
han 175 °C [7 , 37 , 38] . The AX52J, MRI230D and ACM522 
lloys with the presence of 2 wt.% Ca can work at a slightly 
igher temperature of ∼180 °C [14 , 15] . The AE44 alloy for 
he applications at 150 °C is a major achievement among the 
g–Al based die-cast alloys with good combination of die 
astability, mechanical properties at elevated temperatures, 
nd good corrosion resistance [35 , 39] . In recent years, the 
ddition of Al is a concern, and few Al-free die-cast Mg 
lloys were developed for applications at elevated temper- 
tures [14] . The Al-free die-cast Mg–2.5RE–0.35 Zn alloy 
MEZ) was developed with good creep resistance, but the 
uctility and strength of the alloy were low [40] . The Al-free 
ie-cast Mg–RE–Zr–Zn alloys were well investigated with 
edium as-cast strength [41 , 42] . An die-cast Mg–4 wt.%RE 
La,Ce,Nd) alloy named HP2 + for commercialisation was de- 
eloped with the presence of impurity level of ∼0.05 wt.%Al 
14 , 43–45] . The Al-free HP2 + die-cast Mg alloy delivers 
igher mechanical performance especially creep resistance 
t elevated temperatures, which is a significant achievement 
nd promising for the applications at 150–200 °C [14 , 45] . 
owever, 4 wt.% RE is near the maximum of Al-free die- 
ast Mg–RE alloys, and further addition of RE for higher 
orking temperatures and elevated mechanical performance 
ill make the Al-free die-cast Mg–RE alloys too brittle, 
ith hot-tearing or die-soldering occurring during die-casting 
14] . 
In this work, different from the existing die-cast Mg al- 
oys using Al-rich or Al-free in development, a new design 
or elevated die-cast Mg alloys was adopted, in which an ap- 
ropriate addition of Al as a minor element was proposed 
o enhance the addition of RE for higher elevated perfor- 
ance without losing die castability of alloy, and a new 
g–5 wt.%RE(La,Ce,Nd,Gd)–Al die-cast Mg alloy was de- 
eloped for applications at higher elevated temperatures of 2 00–300 °C. The microstructure, mechanical performance and 
hase stability of the new alloy were studied. 
. Material and methods 
.1. Alloy preparation 
An electric resistance furnace embedded with a steel cru- 
ible was used for melting. A mixed gas of N 2 (6 L/min) and 
F 6 (0.025 L/min) was applied for protection during melt- 
ng. To make the required composition of the new alloy 
isted in Table 1 , pure Mg ingot was first melted, then the 
ther alloy elements were added via the addition of pure 
l, pure Zn and the master alloys of Mg–30 wt.%La, Mg–
0 wt.%Ce, Mg–30 wt.%Nd, Mg–30 wt.%Gd, Mg–30 wt.%Y 
nd Mg–5 wt.%Mn. The two representative high tempera- 
ure die-cast Mg alloys of AE44 (Mg4.0Al2.8Ce1.2La0.2Mn, 
n wt.%) and HP2 + (Mg1.6La1.0Ce1.0Nd0.45Zn0.05Al, in 
t.%) were also melted and die-cast for making comparison 
ample. The melts were controlled at 720 °C and held for 
0 min before HPDC. 
.2. HPDC and mechanical testing 
The die-cast Mg alloy melts were loaded manually into 
he shot sleeve of a 4500 kN cold chamber high-pressure die- 
asting machine. Fig. 1 a displays a schematic view of the 
PDC of the die-cast Mg alloys. Fig. 1 b presents a schematic 
howing the configuration of the steel die used for die-casting 
he ASTM B557 standard round mechanical test bars with a 
auge diameter of φ6.35 mm and a gauge length of 50 mm. 
uring HPDC, the die was preheated at 225 °C, and the melts 
ere poured at 715 °C, while the intensification pressure was 
et at 320 bar and the shot sleeve diameter was 70 mm. The 
6.35 mm die-cast bars were subjected to tensile tests at am- 
ient temperature and elevated temperatures of 150 °C, 250 °C 
nd 300 °C, using an Instron mechanical testing machine. 
STM E8/E8M and ASTM E21 standards were followed for 
mbient tensile tests and high temperature tensile tests, re- 
pectively. The ramp rate for ambient tensile tests was con- 
rolled at 1 mm/min, and the straining rate for high tempera- 
ure tensile tests was maintained at 0.0002/s. For each alloy, 
welve samples were pulled at ambient temperature, and six 
amples were pulled at each elevated temperature, to give the 
verage tensile properties with standard deviations. Density 
easurements were conducted on a laboratory balance utiliz- 
ng Archimedes’ principle, and the mass of the test sample 
n air and water was measured to determine the density. 
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Fig. 1. High pressure die casting of the developed BDM1 die-cast Mg alloy. (a) Main view showing the injection of the Mg melt into the die cavity for the 


































































.3. Modulus test and thermal analysis 
The Young’s modulus of the developed new alloy was con- 
ucted on a RFDA HT1600 machine from room temperature 
p to 350 °C. Rectangular shaped samples with dimensions of 
0 mm ( L ) x 12 mm ( W ) x 2 mm ( D ) were used for modulus
esting. The modulus data was obtained during both heating 
nd cooling cycles, in which both the heating rate and the 
ooling rate were set at 3 °C/min, while the modulus data 
as collected every minute. The thermal analysis of the new 
lloy was conducted on a differential scanning calorimetry 
DSC) machine from room temperature up to 700 °C with 
he protection of nitrogen, and the heating rate was 5 °C/min, 
hile the specific heat of the new alloy was recorded every 
.16 °C. 
.4. Microstructure analysis 
Scanning electron microscope (SEM) and transmission 
lectron microscope (TEM) were used for microstructure 
haracterization. SEM analysis was performed at 20 kV for 
orphological observation and element mapping. Ion polish- 
ng was used to fabricate TEM samples, after grinding to a 
50 μm thick φ3 mm disc. High accuracy energy dispersive 
-ray spectroscopy (EDS) under scanning transmission elec- 
ron microscopy (STEM) was applied for composition analy- 
is of phases. 
. Results and discussion 
.1. New die-cast Mg–RE–Al alloy 
The measured chemical composition of the newly devel- 
ped die-cast Mg–RE–Al alloy is shown in Table 1 , and 
he composition range of the new alloy can be found in 
he authors ̍ recent patent [46] . The low solid solubility RE 
lements La and Ce was reported beneficial for die casta- 
ility of Mg alloys, as these two elements, especially La, 3 elp narrow the solid-liquid solidification temperature range 
hat is important for die-casting [14] , and the presence of 
2.5 wt.%(La + Ce) could act as the cast base of the Mg–
E–Al alloy. The higher solid solubility RE elements Nd and 
d are helpful for strengthening at ambient temperature and 
t elevated temperatures for die-cast Mg alloys [47 , 48] . For 
l-free die-cast Mg–RE alloys, when the total amount of RE 
lements is more than 4 wt.%, the alloys was thought too 
rittle and/or hot-tearing for die-casting [14] . Therefore, the 
ddition of ∼2.5 wt.%(La + Ce) can at most tolerate an extra 
ddition of less than 1.5 wt.%(Nd, Gd), without the addition 
f Al. 
In the meantime, Al in Mg alloys is well-known bene- 
cial for die castability [45] , but excessive addition deteri- 
rates the mechanical performance at elevated temperatures 
nd limits the working temperature to ∼175 °C [37–39] . In 
act, an appropriate amount of Al addition can enable a higher 
mount of RE element without fully losing the die castabil- 
ty of Mg–RE alloys, as disclosed in this work. For example, 
he appropriate addition of ∼0.5 wt.%Al allows the addition 
f ∼2.5 wt.%(Nd,Gd) in the newly developed Mg–RE–Al al- 
oy. This means that the total amount of RE elements in the 
ewly developed Mg–RE–Al alloy can be ∼5.0 wt.% with 
uitable castability in HPDC. Moreover, the addition of Zn 
as reported beneficial for the improvement of the mechani- 
al performance at elevated temperatures [14] , via the refine- 
ent of the RE-containing precipitates in Mg matrix [49] . 
he addition of Mn is helpful for the neutralization of impu- 
ity elements such as Fe and the improvement of corrosion 
esistance [50] . The minor addition of Y helps to improve 
elt stability [14] . Consequently, the final composition of the 
eveloped Mg–RE–Al alloy can provide a good combination 
f die castability and mechanical properties at both ambient 
nd elevated temperatures, as discussed in Section 3.4 . 
The porosity level in the die-cast tensile bars of the 
ewly developed die-cast Mg–RE–Al alloy was determined as 
.28%, via density measurements the alloy under gravity cast- 
ng and high pressure die casting, basing on the Archimedes’ 
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Table 2 
Porosity in the die-cast tensile bars of the newly developed die-cast Mg–RE–Al alloy via density measurement. 
Casting method Test No. M Air (g) M Water (g) Density (g/cm 3 ) Porosity (%) 
Gravity casting 1 134.2 60.03 1.809 0 (Reference) 
High pressure die 
casting 
1 11.06 4.93 1.804 ±0.0003 0.28 ±0.02 
2 11.33 5.05 
3 11.55 5.15 
Fig. 2. SEM morphology of the newly developed die-cast Mg–RE–Al alloy in the as-cast state. (a) Low magnification morphology showing the primary 
α1 −Mg phase nucleated in the shot sleeve and the secondary α2 −Mg phase nucleated in the die cavity, (b) High magnification morphology showing the 





























































rinciple, as shown in Table 2 . The microstructure of the grav- 
ty casting sample can be referenced as porosity-free, and the 
orosity level in the die-cast tensile bars was calculated bas- 
ng on the density difference to the gravity casting condition. 
he porosity level in commercial die-cast Mg alloys for ele- 
ated applications was generally reported above 1% [36] , and 
he low porosity level here can reflect the suitability of the 
lloy in high pressure die casting. 
It should be mentioned that the reduction or avoiding of 
E in magnesium alloys is a preference in recent years, as 
E is mainly imported from very limited countries and the 
ost of RE is very volatile. Currently, 4 wt.% RE are added 
n the two representative high temperature die-cast Mg alloys 
E44 and HP2 + , however, it is hard for these alloys to work
t elevated temperatures above 200 °C with the presence of 
 wt.% RE. The addition of a higher level of ∼5 wt.% RE 
s the very limited choice, to enable the present developed 
g–RE–Al alloy to work at higher elevated temperatures of 
00–300 °C, for demanding applications such as the critical 
arts in small internal combustion engines. Explorations are 
ncouraged on this demanding topic in near future, to enable 
ie-cast Mg alloys work at elevated temperatures of up to 
00 °C with less or without addition of RE. 
.2. SEM morphology 
Fig. 2 shows SEM morphology of the newly developed 
ie-cast Mg–RE–Al alloy in as-cast state. Fig. 2 a presents 
he morphology at a low magnification view. The Mg ma- 
rix phase has two different grain sizes, i.e., the primary 
1 −Mg phase with size of ∼20–50 μm and the secondary 
2 −Mg phase with size of ∼2–10 μm. The α1 −Mg phase 
ucleated in the shot sleeve with lower cooling rate, so it 4 as larger in size than the α2 −Mg phase that nucleated in 
he die cavity with higher cooling rate [51] . Network of the 
ther phases was found at the grain boundaries of Mg matrix 
hase. Fig. 2 b shows the morphology at high magnification of 
he grain boundary network shown in Fig. 2 a. The main body 
f the network is continuous solid compound, which is differ- 
nt from the continuous network of lamellar Al 11 RE(La,Ce) 3 
utectic observed in the AE44 die-cast alloy with significant 
ddition of 4 wt.%Al [37–39] . 
In the new Mg–RE–Al alloy, the continuous solid com- 
ound that makes up the majority of the network is Mg–RE 
ased compound, while the divorced compounds that take the 
inority of the network are Al–RE based compounds, which 
ave been verified by STEM analysis in Section 3.3 . The Al–
E based compounds display two kinds of morphologies, i.e., 
 petaloid shape and a blocky shape. 
Fig. 3 displays the SEM elemental distribution map of 
he newly developed die-cast Mg–RE–Al alloy in the as-cast 
tate. Fig. 3 a is the SEM micrograph of the area mapped, 
nd Fig. 3 b–i shows the elemental mapping of Mg, Mn, La, 
e, Zn, Al, Nd and Gd in Fig. 3 a, respectively. The con- 
entration of La, Ce, Nd, Gd and Zn at the grain boundaries 
as observed in the Mg–RE compound, while Al was found 
epleted in the Mg–RE compound, which demonstrate that 
he Mg–RE compound is a Mg–RE(La,Ce,Nd,Gd)–Zn based 
hase. From Fig. 3 g, the enrichment of Al was observed 
n the blocky Al–RE compound. According to Fig. 3 h and 
, the enrichment of RE elements Nd and Gd was also 
ound in the blocky Al–RE compound, which shows that 
he blocky Al–RE compound is Al–RE(Nd,Gd) based phase. 
he mapping results in Fig. 3 also reveal that Nd and Gd 
ave more affinity to Al for the formation of Al–RE(Nd,Gd) 
ased compounds in the newly developed alloy. 
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Fig. 3. SEM mapping of elemental distribution in the newly developed die-cast Mg–RE–Al alloy in the as-cast state. (a) SEM micrograph showing the mapping 
area, (b–i) mapping of elements (b) Mg, (c) Mn, (d) La, (e) Ce, (f) Zn, (g) Al, (h) Nd and (i) Gd. (Mn). 
Fig. 4. High magnification STEM images showing the microstructure of the newly developed die-cast Mg–RE–Al alloy in as-cast state. (a) STEM morphology 



















.3. TEM confirmation 
STEM was applied to further confirm the features in the 
ewly developed die-cast Mg–RE–Al alloy. Fig. 4 presents 
igh magnification STEM images showing the microstructure 
f the new alloy in as-cast state. In addition to the continu- 
us Mg–RE based compound, two kinds of divorced Al–RE 
ased compounds were observed at the grain boundaries 
f the Mg matrix under STEM analysis, i.e., the petaloid 
l–RE based compound 1 and the blocky Al–RE based 5 ompound 2, which corresponds with the SEM observation 
n Fig. 2 b. Fig. 4 a shows typical STEM morphology of the 
ontinuous Mg–RE based compound and the petaloid Al–RE 
ased compound 1. Fig. 4 b presents the representative STEM 
orphology of the blocky Al–RE based compound 2. In 
rder to determine the Mg–RE based compound and the 
wo Al–RE based compounds, high accuracy EDS analy- 
is was applied under STEM to determine the chemical 
ompositions of the compounds. Each of the Mg–RE based 
ompound and the two Al–RE based compounds were 
X. Dong, L. Feng, S. Wang et al. Journal of Magnesium and Alloys xxx (xxxx) xxx 
ARTICLE IN PRESS 
JID: JMAA [m5+; November 3, 2020;10:48 ] 
Fig. 5. STEM-EDS results of the continuous Mg–RE based compound in the newly developed die-cast Mg–RE–Al alloy based on the STEM analysis in 







































































easured at three local points by EDS, as shown in Fig. 4 a 
nd b. 
Fig. 5 shows the STEM-EDS results of the contin- 
ous Mg–RE based compound in the newly developed 
ie-cast Mg–RE–Al alloy. EDS1 and EDS2 were taken 
rom the Mg–RE based compound in Fig. 4 a, and EDS3 
as taken from the Mg–RE based compound in Fig. 4 b. 
esults of EDS1, EDS2 and EDS3 are consistent with 
ach other, which confirms that the composition of the 
g–RE based compound can be described by the aver- 
ge value as Mg 88.9 La 1.6 Ce 1.0 Nd 2.3 Gd 2.3 Zn 2.9 Al 1.0 , namely, 
g 12 RE(La 0.22 Ce 0.13 Nd 0.31 Gd 0.31 )Zn 0.39 Al 0.13 . Mg 12 RE(Zn) 
as reported as the main compound in the Mg–RE(La,Ce,Nd) 
ased alloys [14 , 45] , which agrees with the observation in 
he present developed new alloy. 
Fig. 6 a presents the STEM-EDS results of the petaloid Al–
E based compound 1 in the newly developed Mg–RE–Al 
lloy. EDS4, EDS5 and EDS6 were taken from the petaloid 
ompound shown in Fig. 4 a. The consistency of the three EDS 
esults indicates that the petaloid Al–RE based compound can 
e represented as Mg 93.4 Al 3.2 La 0.4 Ce 0.3 Nd 1.0 Gd 1.4 Zn 0.3 , i.e., 
g 30.1 Al 1.03 RE(La 0.13 Ce 0.1 Nd 0.32 Gd 0.45 )Zn 0.1 . Fig. 6 b shows 
he STEM-EDS results of the blocky Al–RE based com- 
ound 2 in the newly developed Mg–RE–Al alloy. EDS7, 
DS8 and EDS9 were taken from three blocky Al–RE 
ased compounds shown in Fig. 4 b. The results sug- 
est that the blocky Al–RE based compound can be 
escribed as Mg 50.4 Al 24.1 La 2.4 Ce 1.5 Nd 8.2 Gd 10.5 Zn 2.9 , namely, 
g 2.2 Al 1.07 RE(La 0.11 Ce 0.07 Nd 0.36 Gd 0.46 )Zn 0.13 . 
The above-mentioned STEM-EDS composition analysis 
esults show that the atomic ratio of Mg:RE in the Mg–
E compound is ∼12:1, and the atomic ratio of Al:RE 
n the Al–RE compound is ∼1:1. Selected area electron 
iffraction (SAED) was also conducted under TEM, for the 
dentification of the Mg–RE and Al–RE compounds. The 
g 12 RE (RE = La, Ce, Nd or Gd) phase was reported having 
he tetragonal unit cell ( a = 1.03 nm, c = 0.60 nm) [52] . The
l 2 RE 3 (RE = Gd) phase was reported having the tetragonal 
nit cell ( a = 0.83 nm, c = 0.77 nm) [53] . Fig. 7 a shows the a
6 AED pattern of the Mg–RE compound, and it matches well 
ith the SAED pattern of the Mg 12 Ce phase along the [111] 
one axis. Fig. 7 b presents the SAED pattern of the Al–RE 
ompound, and it fits well with the SAED pattern of the 
l 2 Gd 3 phase along the [ −122] zone axis. 
Combining the STEM-EDS composition analysis results 
nd the SAED results, the Mg–RE compound was identified 
s the Mg 12 RE (RE = La, Ce, Nd, Gd) phase, while the Al–
E compound was identified as the Al 2 RE 3 (RE = La, Ce, Nd, 
d) phase. From Figs. 2–4 , the Al–RE compound is small, so 
here should be error in the STEM-EDS composition analysis 
f the Al–RE compound, which results in the minor difference 
f the atomic ratio of Al:RE given by STEM-EDS analysis 
nd SAED analysis. Zn atom was reported can present in 
he RE-containing phases in Mg–RE alloys without changing 
he unit cell of RE-containing phases [52 , 54] , and this can 
xplain the detection of small amount of Zn in the present 
g 12 RE and Al 2 RE 3 compounds by STEM-EDS composition 
nalysis. 
.4. Tensile properties at elevated temperatures 
Fig. 8 a–d shows the typical tensile stress-strain curves of 
he newly developed die-cast Mg–RE–Al alloy at ambient 
emperature and elevated temperatures of 150 °C, 250 °C and 
00 °C, respectively. The results are compared with the two 
xisting and representative high temperature die-cast Mg al- 
oys, the AE44 alloy with significant addition of 4 wt.%Al 
nd the Mg–RE based HP2 + alloy with the addition of 
4 wt.%RE(La,Ce,Nd). The tensile results are based on the 
6.35 mm die-cast bars with the same casting condition. 
he newly developed Mg–RE–Al alloy with the addition 
f ∼5 wt.%RE(La,Ce,Nd,Gd) and ∼0.5 wt.%Al always shows 
igher yield strength than both the AE44 and HP2 + alloys, at 
mbient and elevated temperatures, and the ambient ductility 
f the new alloy is slightly higher than that of the HP2 + al-
oy, which verify the alloy design principle introduced in this 
ork that appropriate addition of Al in die-cast Mg–RE based 
lloy can enhance the tolerable addition of RE for ambient 
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Fig. 6. STEM-EDS results of (a) the petaloid Al–RE based compound 1 and (b) the blocky Al–RE based compound 2 in the newly developed die-cast 
Mg–RE–Al alloy based on the STEM analysis in Fig. 4 . 
















nd elevated strengthening without losing the die castability 
nd ductility of the alloy. 
Fig. 9 a–c presents the statistical mean yield strength (YS), 
ltimate tensile strength (UTS) and elongation of the newly 
eveloped die-cast Mg–RE–Al alloy at ambient temperature 
nd elevated temperatures of 150 °C, 250 °C and 300 °C, 
espectively, in comparison with the two existing and rep- 
esentative high temperature die-cast Mg alloys AE44 7 nd HP2 + . The measured YS of the new alloy is 
70 ±2.8 MPa at room temperature, and it is 32% and 
7% higher than that of the AE44 and HP2 + alloys, respec- 
ively. At 300 °C, the YS of the new alloy is 94 ±1.8 MPa, 
hich is 42% and 20% higher than that of the AE44 and 
P2 + alloys, separately. From Fig. 9 b, the UTS of the new 
lloy is higher than the AE44 alloy at elevated temperatures 
f 150 °C and above, and it is higher than the HP2 + alloy 
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Fig. 8. Typical tensile stress-strain curves of the newly developed die-cast Mg–RE–Al alloy at ambient and elevated temperatures and compared to the existing 
AE44 and HP2 + high temperature die-cast Mg alloys at (a) ambient temperature (20 °C), (b) 150 °C, (c) 250 °C, (d) 300 °C. 
Fig. 9. Statistical mean tensile properties of the newly developed die-cast Mg–RE–Al alloy at ambient and elevated temperatures and compared with the 
existing AE44 and HP2 + high temperature die-cast Mg alloys. (a) Yield strength, (b) Ultimate tensile strength, (c) Elongation. 
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Table 3 
Detail data for the mean tensile properties of the investigated die-cast Mg alloys at ambient and elevated 
temperatures with standard deviations. 
Alloy Tensile properties 20 °C 150 °C 250 °C 300 °C 
YS (MPa) 129 ±2.4 108 ±2.0 82 ±1.7 66 ±1.4 
AE44 UTS (MPa) 246 ±3.2 130 ±2.0 90 ±1.7 72 ±1.4 
Elongation (%) 13.3 ±1.0 30.3 ±2.0 18.8 ±1.5 15.2 ±1.2 
YS (MPa) 145 ±2.6 120 ±2.2 96 ±1.9 78 ±1.6 
HP2 + UTS (MPa) 173 ±2.7 139 ±2.2 110 ±1.8 82 ±1.7 
Elongation (%) 1.5 ±0.2 5.9 ±0.6 21.0 ±1.6 22.2 ±1.7 
YS (MPa) 170 ±2.8 141 ±2.5 113 ±2.1 94 ±1.8 
Mg–RE–Al UTS (Mpa) 197 ±2.8 160 ±2.5 126 ±2.0 98 ±1.7 











































Fig. 10. Relationship between the modulus and the measuring temperatures 





















t ambient and elevated temperatures. The ductility of the 
ew alloy is 2.3 ±0.3%, which is lower than the reported 
l-containing Mg–Al based die-cast alloys that have a 
uctility of over 4% [45] . However, both the strength and 
uctility of the new alloy are higher than Al-free HP2 + alloy. 
ith the increase of the temperature from 150 °C to 250 °C, 
he considerable increase of the ductility of the new alloy 
ndicates that the thermal activation effect for deformation is 
ore significant at 250 °C, and deformation is much easier 
t 250 °C than that at 150 °C. The ductility of the new alloy
ncreases to 27.1 ±1.9% with increasing test temperature up 
o 300 °C, which is slightly higher than the HP2 + alloy. With 
he increase of temperature, the ductility of the AE44 alloy 
nitially increases at 150 °C and then decreases afterwards, 
hich indicates the poor stability of the Al-rich eutectic 
etwork in the alloy at elevated temperatures of 250 °C and 
bove. Detail data for the mean tensile properties of the new 
ie-cast Mg–RE–Al alloy, the AE44 alloy and the HP2 + 
lloy with standard deviations is listed in Table 3 . 
In addition to the AE44 and HP2 + alloys, the tensile prop- 
rties of other die-cast Mg alloys for elevated applications 
ere well reported at ambient temperature and 150 °C [36 , 45] . 
he AS31 alloy has the low YS of 125 MPa and 90 MPa at
mbient temperature and 150 °C, respectively, while the alloy 
as excellent ambient ductility of 13% [45] . The MRI153M 
nd MRI153A alloys have the medium YS of 160 MPa and 
25 MPa at ambient temperature and 150 °C, separately, as 
ell as the medium ambient ductility of 7% [45] . The 
XJ530 and MRI230D alloys have the high YS of ∼180 MPa 
t ambient temperature in association with the ambient duc- 
ility of 4%, while the YS of the two alloys decreases sig- 
ificantly to ∼140 MPa at 150 °C [45] . The ambient YS of 
he new die-cast Mg–RE–Al alloy is lower than the AXJ530 
nd MRI230D alloys, but the YS of the new alloy is com- 
arable to the AXJ530 and MRI230D alloys at 150 °C. Re- 
ently, a die-cast Mg–Al–Ba–Ca alloy was reported with the 
eight ratio of Al:Ba:Ca as 2:1:1, and the alloy has the YS 
f 140 MPa, 172 MPa and 202 MPa at ambient temperature, 
he YS of 111 MPa, 142 MPa and 160 MPa at 150 °C, as well
s the ductility of 2.5%, 1.4% and 1.6% at ambient temper- 
ture, with the presence of 4 wt.%, 8 wt.% and 12 wt.% alloy 
lements, respectively [36] . The new die-cast Mg–RE–Al al- 
oy is comparable to the Mg–Al–Ba–Ca alloy in strength, 9 hile the ductility of the new alloy is slightly higher than 
he Mg–Al–Ba–Ca alloy. The new die-cast Mg–RE–Al alloy 
as higher potential than the existing Al-containing Mg–Al 
ased die-cast alloys and the Al-free Mg–RE alloy HP2 + , at 
he demanding elevated temperatures of 200–300 °C, as the 
xisting die-cast Mg alloys was reported can only work up to 
00 °C [14 , 45] . 
.5. Young’s modulus at elevated temperatures 
Fig. 10 shows the Young’s modulus of the newly developed 
ie-cast Mg–RE–Al alloy from room temperature (RT) up 
o 350 °C. The impulse excitation technique was applied to 
easure the resonant frequencies of the test sample under the 
nducement of a microphone, and the Young’s modulus E is 
etermined as follows: 
 = 0. 9465 
(







here m, L, W and D are the mass, length, width and thick- 
ess of the rectangle test sample, respectively, f is measured 
he flexural frequency, and K is the correction factor. 
The modulus of the new alloy decreases linearly with in- 
reasing temperatures and increases linearly with decreasing 
emperatures between RT and 350 °C. More importantly, the 
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Fig. 11. Thermal analysis curves showing the evolution of the specific heat of the newly developed die-cast Mg–RE–Al alloy versus temperature. (a) Specific 
heat over the entire measurement temperature range from ambient temperature up to 700 °C. (b) Magnification of (a) showing minor changes of specific heat 






























































odulus correlates well during the heating and cooling test 
ycles. The modulus-temperature relation of the new alloy 
as therefore determined by linear fitting of the average value 
f the heating and cooling data as follows: 
 BDM1 = 44. 21 − 0. 02 ∗ T ( GPa , RT ≤ T ≤ 350 ◦C ) (2) 
here T is the temperature ( °C). The high correlation co- 
fficient of above 0.999 confirms the validity of the linear 
tting. 
Stiffness is important but seldom was reported for die- 
ast Mg alloys at elevated temperatures. The ambient modu- 
us (43.7 GPa) of the new alloy agrees with the general data 
f 40–50 GPa measured for ambient modulus of Mg alloys 
55 , 56] . The measured modulus of the new alloy decreases 
inearly to 38.2 GPa at 300 °C, which is only 13% lower than 
ts ambient modulus. This demonstrates that the newly de- 
eloped die-cast Mg–RE–Al alloy has good stiffness holding 
apability at elevated temperatures. 
.6. Thermal analysis and phase stability 
Fig. 11 a displays the thermal analysis results for the spe- 
ific heat of the newly developed die-cast Mg–RE–Al alloy 
rom ambient temperature up to 700 °C, which demonstrates 
hat the new alloy is in solid (S) state below 580.6 °C and liq-
id (L) above 638.1 °C. Fig. 11 b is a magnified view the of
ig. 11 a. A minor change of specific heat in the solid range 
f the new alloy is shown with a minor peak observed at 
64.7 °C indicating the occurrence of few weak solid phase 
ransition, while the specific heat increases smoothly with in- 
reasing temperature before the peak. This confirms the sta- 
ility of phases in the new alloy at elevated temperatures up 
o 300 °C. 
The newly developed die-cast Mg–RE–Al alloy clearly 
elivers higher elevated strength than the representative AE44 
nd HP2 + high temperature die-cast Mg alloys, and it also 
as good stiffness holding capability and phase stability 
t elevated temperatures of up to 300 °C. In addition, test 
esults show that the new alloy also has even higher creep 
esistance than some commercial Al piston alloys at elevated 10 emperatures of up to 300 °C. However, the creep results 
nd mechanisms of the new alloy are quite complex and 
ill be discussed elsewhere later. These results support the 
lloy design principle introduced in the development of this 
ew die-cast Mg alloy and the validity of the new alloy 
orking at higher elevated temperatures of 200–300 °C. This 
s different from other approaches, such as a significant 
ddition of 4 wt.%Al in the AE44 alloy, which leads to the 
ormation of a continuous inter-dendritic network of Al-rich 
amellar Al 11 RE(La,Ce) 3 eutectic that is unstable at elevated 
emperatures above 200 °C [7 , 37–39] . Compared with the 
l-free Mg–RE based alloy such as HP2 + , the appropriate 
ddition of ∼0.5 wt.%Al enhances the tolerable addition 
f strengthening RE elements Nd and Gd in the newly 
eveloped alloy without losing the die castbility and ductility 
f the new alloy, and Nd and Gd in turn have more affinity 
o Al for the formation of the divorced Al–RE(Nd,Gd) 
ased compounds that take the minority of the inter-dendritic 
etwork in the new alloy, while the majority of the inter- 
endritic network in the new alloy is stable continuous 
l-poor Mg 12 RE(La 0.22 Ce 0.13 Nd 0.31 Gd 0.31 )Zn 0.39 Al 0.13 com- 
ound, which contribute to the high mechanical performance 
nd phase stability of the newly developed die-cast Mg alloy 
t higher elevated temperatures of 200–300 °C. 
. Conclusions 
A new die-cast Mg–RE–Al alloy was developed for ap- 
lications at higher elevated temperatures of 200–300 °C, and 
he main results are summarized as follows: 
(1) The newly developed die-cast Mg–RE–Al alloy delivers 
a yield strength of 170 ±2.8 MPa at room temperature 
and 94 ±1.8 MPa at 300 °C. The yield strength of the 
new alloy at 300 °C is 42% and 20% higher than that of 
the existing and representative high temperature die-cast 
Mg alloys AE44 and HP2 + , respectively. 
(2) The new alloy has good stiffness holding capability 
at higher elevated temperatures of 200–300 °C. The 
Young’s modulus of the new alloy decreases linearly 
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[  with increasing temperature as E = 44.21–0.02 ∗T (GPa, 
RT ≤T ≤350 °C), and the modulus at 300 °C is de- 
creased only by 13% compared with the ambient mod- 
ulus. 
(3) Thermal analysis shows a minor peak at 364.7 °C in the 
measured specific heat curve of the new alloy, bellow 
the solidus temperature, which verifies the phase stabil- 
ity of the new alloy at higher elevated temperatures of 
200–300 °C. 
(4) Appropriate addition of Al in Mg–RE alloy enhances 
the allowable addition of RE, enabling higher perfor- 
mance at elevated temperatures without losing die casta- 
bility, which can be considered a new design principle 
for die-cast Mg alloys used for higher elevated temper- 
atures. An addition of ∼0.5 wt.%Al allows ∼2.5 wt.% 
of RE (Nd,Gd) elements to be added for a total of 
∼5.0 wt.% of RE(La,Ce,Nd,Gd) in the new alloy. 
(5) Nd and Gd in the new alloy have more affinity to 
Al for the formation of the minority of divorced Al–
RE(Nd,Gd) based compounds, and the stable Al-poor 
Mg 12 RE(La 0.22 Ce 0.13 Nd 0.31 Gd 0.31 )Zn 0.39 Al 0.13 com- 
pound acts as the continuous inter-dendritic network, 
which improves the alloy performance at elevated 
temperatures. 
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